Flocking motion of multiagent systems is influenced by various external disturbances in complex environment. By applying disturbance observer, flocking of multiagent systems with exogenous disturbances is studied. Based on the robust features of impulsive control, a distributed impulsive control protocol is presented with disturbance observer, and flocking motion of multiagent systems is analyzed. Moreover, a sufficient condition is obtained to ensure the flocking motion of multiagent systems following a leader. Finally, simulation results show the validity of the theoretical conclusion.
Introduction
With the development of network communication technologies, coordinated control problems of distributed networked systems have been receiving increasing attention from many research fields, like biology, computer, automation, artificial intelligence, and so forth. As one of the key issues of coordinated control problems, flocking motion has been studied intensively to reveal the natural phenomenon in the form of schooling of fish, flocking of birds, swarming of bacteria, and so on [1] [2] [3] [4] .
Flocking is a class of the cluster behaviors in which large number of agents are organized into coordinated motion by applying only limited local information and simple rules. Recently, the studies of flocking motion have been researched deeply, and numerous results have been obtained. The classical flocking model with three heuristic rules was proposed by Reynolds [2] in 1980s: (i) Separation: avoid conflicts with nearby flock individuals; (ii) Alignment: attempt to match velocity with nearby flock individuals; (iii) Cohesion: attempt to be close to nearby flock individuals. Based on Reynolds' model, flocking algorithms were proposed by means of a velocity consensus component with a local artificial potential function [5, 6] . In particular, Olfati-Saber provided a theoretical computational framework to design the flocking algorithms [5] . This framework includes three flocking algorithms: the first one realizes the rules of Separation and Cohesion in Reynolds' model, the second one is a path tracing algorithm for a group of agents to follow a virtual leader, and the third one embodies the capabilities with obstacle avoidance. The flocking algorithms were studied with an artificial potential function in fixed and switching topologies by Tanner et al. in [6] . By applying a pinning feedback control, flocking control of a group of mobile autonomous agents with a virtual leader was researched by Su et al. [7, 8] . A flocking control problem with the network connectivity was presented with a potential function method in [9] . Based on a bounded potential function, a rendezvous algorithm of multiple agents was studied with preserved network connectivity [10, 11] . However, these studies worked on the assumption that the disturbances are ignored in multiagent systems.
In the nature applications, interference information exits in all kinetic systems, few individuals have not been affected by the external disturbances. However, when there are uncertainty model parameters and external interference in the motion systems, the dynamical behaviors become more complex and more challenging. Chen [12] pioneered the development of disturbance observers for unknown disturbance, Guo and Chen [13] extended the disturbance observers method from single input single output (SISO) systems to multi-input multioutput (MIMO) models with external disturbances for the first time. Moreover, the disturbanceobserver-based-control method can combine with different control methods according to different requirements [14] [15] [16] .
Mathematical Problems in Engineering
Based on the idea of disturbance compensation, Yang et al. proposed a consensus algorithm of multiple mobile agents with disturbance-observer-based-control [17, 18] .
In this paper, flocking motion of multiagent systems with external disturbances will be studied by applying the impulsive control method. With the effect of incomplete information, external disturbance, and packet loss in network, the dynamic behaviors of the systems will show impulse phenomenon. As an instantaneous behavior, the impulse phenomenon has been widely used in communication systems with switching transmission signal. Zhou et al. studied the synchronization of coupled harmonic oscillators with local instantaneous interaction [19] . Guan et al. proposed impulsive consensus of networked multiagent systems [20] . However, up to now, few researches for the dynamical flocking of multiagent systems with impulsive control have been reported.
The main objective of this paper is to research the flocking motion of multiagent systems by applying the impulsive control method. The innovation of this paper is to apply impulsive control solving the flocking motion of multiagent systems with exogenous disturbances. The rest of the paper is organized as follows. In the second part, problem description and preliminaries are given. The main results are discussed in the third part. In the fourth part, example and simulation results are shown to illustrate the validity of theoretical results. Conclusions are finally drawn in fifth part.
Problem Description and Preliminaries

Algebraic Graph Theory. Let
= ( , , ) be an undirected graph consisting of = {V 1 , V 2 , . . . , V } and ⊆ × .
= [ ] is an adjacency matrix of the graph . The relationships among agents are described by the graph without self-loops; that is, ∀ ∈ , = 0. Moreover, the adjacency element > 0 when (V , V ) ∈ ; otherwise, = 0. The set of neighbors of V is denoted by = {V ∈ , > 0}. The Laplacian matrix of the graph is defined as = − , where 
Problem Description.
It is assumed that agents move in two-dimensional Euclidean space with the undirected graph . The dynamic equation of the th agent is described aṡ
where ( ) = ( ( ), ( )) , ( ) = (̇( ),̇( )) , = ( ( ), ( )) , and ( ) are the position, velocity, control input, and external disturbance of the th agent in multiagent systems, respectively. In addition, the external disturbance ( ) can be illustrated aṡ
where ( ) is internal state of the disturbance system; moreover, subsystem matrix ( , ) is observable. Supposing that the state matrix of the controlled system is available, disturbance observe subsystem is expressed bŷ
where ( ) is an introduced auxiliary variable and ( ),̂( ) are the estimation of ( ) and ( ). , as an unknown matrix, needs to be calculated.
Definition 1.
A group of agents asymptotically achieve flocking motion if their velocity vectors will asymptotically achieve consistency and the distances will remain constant between any two agents without collision.
Definition 2. Potential function
is a differentiable function of the relative distance ‖ ( ) − ( )‖ between node and node, where is nonnegative, unbounded function and satisfies the following two properties:
(1) Potential function tends to infinity while the distance ‖ ( ) − ( )‖ tends to zero.
(2) Potential function can get the unique minimum at a desirable distance.
The potential function is applied in paper [5] ; for example,
where > 0 is a real number.
It is known that potential function can obtain a unique minimum value when ‖ ( ) − ( )‖ = .
Suppose the dynamics of the leader is described aṡ
where ( ) = ( ( ), ( )) and ( ) = (̇( ),̇( )) are the leader's position and velocity. In this paper, the leader will keep a uniform movement. In order to solve the flocking Mathematical Problems in Engineering 3 motion, control protocol is proposed as
where ( ) is the same as mentioned above and ⃗ = ( ( ) − ( ))/‖ ( ) − ( )‖ is a unit vector. ≥ 0 and 2 ≥ 0 parameters will be selected. If ℎ = 1, then the th agent can get information from the leader, while the agent can not get the information from the leader if ℎ = 0. { } +∞ =1 will satisfy − −1 = > 0 and lim →∞ = +∞. ( ) is the Dirac function, which activates the impulsive control between agent and leader at the moment of . If a group of agents always meet lim →∞ ( ) = ( ) = ( ) and lim →∞ ( ) − ( ) = > 0 with any initial state, it is said that multiagent systems achieve the flocking motion with distributed impulsive control.
Remark 3.
In this paper, flocking motion problem of multiagent systems with exogenous disturbances will be studied, it is more complex than the problem in reference [5] where the systems are running without disturbances.
Main Results
Theorem 4. Suppose that identical agents constitute the fixed topology. Consider the multiagent systems (1) with the external disturbances (2). When the control protocol is continuous with ( − ) ≡ 1 in (6), if there are appropriate dimensional matrix > 0 and , satisfying the following equation:
where ⊗ means Kronecker product, 2 = diag{1, 1, . . . , 1}, then, the distributed control protocol (6) and the disturbance observer (3) 
Because oḟ( ) = ( ) + ( ), it haṡ
Suppose the energy function is
The derivative of ( ) can be calculated:
Puttinġ( ),̇( ) into (12), it haṡ
Let = and = diag(ℎ 1 , ℎ 2 , . . . , ℎ ). Moreover, agents move in the two-dimensional Euclidean space; further consolidation can obtaiṅ
.
where
Mathematical Problems in Engineering
According to the condition equation (7) in Theorem 4, we can obtaiṅ( ) < 0. Thus, we have lim →∞̃( ) = 0.
That is,
Then, flocking motion will be eventually achieved in the interferential environment with control protocol (6). (7) and 0 < 2 < 2 are satisfied, the system can achieve the flocking motion with the impulsive control protocol (6) . Moreover, the movement is independent of the impulse period.
Theorem 5. Suppose identical agents are affected by external disturbances. If the linear matrix inequality
Proof. According to the integral feature of the Dirac function, distributed impulsive control protocol is described as
And the dynamics of th agent has the following form with impulsive control protocol (6):
At the moment of , the energy function equation (11) can be rewritten as Submitting (19) into (20), the difference of ( + ) at the impulse moment can be calculated:
Equation (22) is easy to obtain:
According to the condition 0 < 2 < 2 in Theorem 5, ( + ) − ( − ) < 0 is easy to be obtained. Thus, we have lim →∞̃( ) = 0; that is,
Therefore, flocking motion will be eventually achieved in the interferential environment with control protocol (6) . Distributed impulsive control can solve the flocking motion of multiagent systems with exogenous disturbances, and the speeds of all agents will asymptotically converge to that of the leader.
Simulation Examples
Suppose that there are four identical agents with the topology in Figure 1 where only the first agent can receive information from the leader. Let control gain = 1 and balanced distance = 2 in the multiagent systems. The leader and four agents' initial positions are randomly generated within The x-axis location (m)
The leader The first agent The second agent
The third agent The fourth agent
The third agent The fourth agent 
Systems with Control
Protocol ( − ) ≡ 1. Let feedback coefficient 2 = 1 in control protocol. Velocities and relative positions of agents are described in Figure 2 with the disturbance-observer-based-control protocol. Simulation results show that four agents can reach same speed and their relative positions have achieved consensus in 60 s. The simulation results are the same as results without disturbances in [5] ; that is to say, the distributed control protocol is feasible for multiagent system with disturbances.
Systems with Impulsive Control Protocol.
When the form of control protocol is impulse, and the system is affected by exogenous disturbances, the velocities and relative positions of four agents are illustrated in Figure 3 when = 0.6 s and
Conclusions
In this paper, flocking motion problem of multiple-agent system with external dynamic disturbances is studied. The disturbance-observer-based distributed impulsive protocol is presented to solve the flocking motion of the multiagent systems. Simulation results reflect strong adaptability of the distributed impulsive control protocol in complex environment.
